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CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of provisional patent applications serial no. 
60/382,596 filed May 21, 2002 to Mirkin et al., "Electrostatically Driven Dip-Pen 
Nanolithography of Conducting Polymers" (attorney docket no.: 083847-205); provisional patent 
application serial no. 60/418,179 filed October 15, 2002 to Mirkin et al. "Peptide and Protein 
Nanoarrys and Direct- Write Nanolithographic Printing of Peptides and Proteins" (attorney 
docket no.: 083847-187); and provisional patent application serial no. 60/445,233 filed February 
6, 2003 to Mirkin et al. "Peptide and Protein Nanoarrys and Direct- Write Nanolithographic 
Printing of Peptides and Proteins" (attorney docket no.: 083847-212). 

102.1017357 



Attorney Docket No. 083847/0202 



BACKGROUND 

Direct- write lithographic patterning or printing of biological structures is important for 
many reasons. For example, direct- write lithographic patterning provides fabrication of 
microscopic and nanoscopic patterns with extraordinary complexity and offers routes to 
important devices in the life sciences such as gene chips, proteomic arrays, and other diagnostic 
tools. Important biological nanostructures in life science applications include oligonucleotides, 
DNA, peptides, proteins, and viruses. In particular, microarrays of biomolecules such as DNA 
and proteins have proven useful as high throughput screening tools in proteomics, genomics, and 
the identification of new pharmaceutical compounds. For example, DNA microarrays can be 
used to probe gene expression and in panel assays for research- and clinical-based diagnostics. 
Arrays of proteins have been used to ask and answer important questions regarding the 
interactions of cells with underlying substrates. As the complexity of these arrays and 
corresponding number of features increase, the ability to reduce feature size becomes more 
important, especially since the area occupied by an array will affect the amount and volume of a 
sample that can he used with a particular chip. Therefore, arrays with smaller and more densely 
packed features are becoming increasingly attractive. In addition, if one can fabricate such 
structures with features that have nano- rather than macroscopic dimensions, one can enable new 
screening technologies and begin to address important fundamental questions regarding 
biomolecular recognition that are not addressable with microarrays. Indeed, bio-recognition is 
generally a nanoscopic rather than microscopic phenomenon. 
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In particular, direct-write nanolithographic patterning and printing of peptide- and 
protein-based nano structures is important in a variety of areas including, for example, 
proteomics, diagnostics, and materials science. Such methods would allow one to fabricate 
patterns of peptide and protein nanostructures with extraordinary complexity, offering routes to 
important tools in the life sciences such as protein libraries, protein chips, and proteomic arrays, 
and templates that can be used by chemists and material scientists to build ordered two and three- 
dimensional functional architectures. 

Direct-write nanolithographic patterning or printing offers advantages over competing 
approaches such as indirect patterning methods. In a typical indirect method, an intermediate 
•compound is first patterned which serves as a template for the biological nanostructure design. 
Unlike photolithographic methods, the direct-write method has no need for a resist and easier 
processing and fabrication procedures. As a result, known direct-write nanolithographic 
printing methods have become powerful tools in nanotechnology. Some of these methods use 
one or more nanoscopic tips, such as scanning probe microscope (SPM) tips including atomic 
force microscope (AFM) tips. In some embodiments, the tips are used to deliver one or more 
patterning compounds onto a substrate surface from the tips. The result is the ability to generate 
detailed, stable patterns at high resolution and nanoscale dimensions over a wide variety of 
shapes in serial or parallel modes. Potential applications range beyond biotechnology and 
pharmaceutical industries, extending to semiconductor and computer technologies as well. 

Despite its importance, direct-write patterning or printing methods can pose challenges 
not encountered in the indirect methods. For example, challenges can arise in transporting high- 
molecular-weight biomolecules from a coated tip to a substrate and the need for bio-compatible 
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patterning conditions. High resolution and patterning speed are important which should not be 
sacrificed in patterning biomolecules. 

Although some promising advances have been made in making protein patterns with 
features with nanoscopic dimensions, challenges remain, particularly with patterns below about 
200 nm in lateral dimension. For example, protein nanopattems generally have been made by 
indirect methods that either involve resists or prefabricated chemical affinity templates. These 
templates direct the assembly of a single protein structure from solution onto a set of nanoscopic 
features on a surface of interest. Often, the bio-recognition properties and control over feature 
size on the sub-200 nm scale are not demonstrated. In addition, to be able to generate nanoarrays 
of multicomponent systems, a requisite for many of the anticipated applications of nanoarrays, it 
is important that new surface analytical tools as well as the complementary chemistry be 
developed for directly placing a set of different protein structures on a surface of interest with 
nanoscale resolution, high registration alignment capabilities, and control over the biological 
activity of the resulting structures. 

In addressing these challenges, one promising direct-write patterning approach is being 
developed by the Mirkin group at Northwestern University and Nanolnk, Inc. under the name 
DIP-PEN NAN OLITHOGRAPHY™ (DPN)™ patterning and printing (proprietary trademarks 
of Nanolnk, Inc., Chicago, IL). In a typical DPN™ printing application, a patterning compound 
is transported from a nanoscopic tip, preferably an AFM tip, to a substrate to form a desired, 
stable, useful nanostructure. Basic and novel features of the DPN™ process include the absence 
of resists, masks, and destructive patterning. Improved patterning methods are needed, however, 
to maximize commercial applications. 
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SUMMARY 

The present invention encompasses multiple embodiments providing improved protein 
nano lithographic peptide and protein patterning. The invention summary section is not a 
limitation on the scope of the invention for any of these embodiments. 

The present invention provides, in one embodiment, a method of direct-write lithography 
for improving the deposition of selected protein patterning compounds comprising: providing a 
substrate surface; providing a tip with a selected protein patterning compound thereon; 
depositing the selected protein patterning compound from the tip to the substrate surface to 
produce a pattern, wherein the tip is modified by a selected chemical agent to improve deposition 
of the selected protein patterning compound to the substrate surface. 

The invention provides, in another embodiment, a method of direct-write 
nano lithography for improving the deposition of selected peptide patterning compounds 
comprising: providing a substrate surface; providing a nanoscopic tip with a selected peptide 
patterning compound thereon; depositing the selected peptide patterning compound from the tip 
to the substrate surface to produce a pattern, wherein the tip is modified by a selected chemical 
agent to improve deposition of the selected peptide patterning compound to the substrate surface. 

In another embodiment, the present invention provides a method of direct-write 
nanolithography comprising: providing an atomic force microscopic tip modified to resist protein 
adsorption and which is coated with protein, providing a substrate comprising an electrostatically 
charged surface, depositing the protein on the surface to form a protein pattern. < 
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A method of nanolithography comprising: providing a substrate; providing a scanning 
probe microscope tip coated with a peptide or protein patterning compound, wherein the tip 
comprises a metallic surface which has been treated to promote protein or peptide coating of the 
tip; and contacting the coated tip with the substrate so that the peptide or protein patterning 
compound is applied to the substrate so as to produce a pattern. 

The present invention also provides a method of direct- write nanolithography for 
improving the deposition of selected protein patterning compounds consisting essentially of: 
providing a substrate surface; providing a nanoscopic tip with a selected natural protein 
patterning compound thereon; depositing the selected protein patterning compound from the tip 
to the substrate surface to produce a pattern, wherein the tip is modified bya selected chemical 
agent to improve deposition of the selected protein patterning compound to the substrate surface. 

Also provided is a method of direct-write nanolithography for improving the deposition 
of selected natural peptide patterning compounds consisting essentially of: providing a substrate 
surface; providing a nanoscopic tip with a selected peptide patterning compound thereon; 
depositing the selected peptide patterning compound from the tip to the substrate surface to 
produce a pattern, wherein the tip is modified by a selected chemical agent to improve deposition 
of the selected peptide patterning compound to the substrate surface. 

The present invention also provides a method for high resolution direct-write 
nanolithography of peptides and proteins, comprising: direct-write nano lithographic printing of 
the peptide or protein onto a substrate from a nanoscopic tip to provide a protein or peptide 
patterned array on the substrate, wherein the nanoscopic tip has been adapted for peptide or 
protein deposition and the array is characterized by a pattern separation distance of less than 
about 1,000 nm. 
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The present invention also provides a method of depositing a plurality of different protein 
nanoscopic deposits, comprising direct write nanolithographic writing of the protein with 
nanoscopic tips, wherein the average distance between the nanoscopic deposits is about 500 nm 
or less. 

The present invention also provides a method for generating protein arrays comprising 
depositing dots of proteins onto a substrate at a rate of at least about 85 dots per four minutes. 

The present invention also provides a protein array comprising a plurality of protein dots, 
wherein the dots have a dot diameter of about 450 nm or less and a dot spacing of about 350 nm 
or less. 

The present invention also provides for lithographically patterned substrates, including 
arrays, prepared by these and other methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 illustrates the transport of a protein (IgG) from a tip (silicon nitride tip) which is 
surface modified with a modification agent (Si-PEG) to a substrate which can be a negatively 
charged substrate (left) or an aldehyde modified substrate (right). 

Fig. 2 illustrates AFM topography images of rabbit anti-IgG protein nanostructures. (A) 
Rabbit anti-IgG protein nanostructures including dots and lines written at 0.08 jum/s, and line 
profile. (B) 3-D topography image of rabbit anti-IgG protein dot arrays. (C) protein 
nanofeatures with 55 nm and 200 nm dimensions. (D) protein nanofeatures on aldehyde- 
modified surfaces. 
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Fig. 3 illustrates fluorescence images of rabbit anti-IgG (labeled with Alexa 594) 
nanostructures on negatively charged SiC>2 substrate. (A) Words (writing speed = 0.06 }im/s), (B) 
dot arrays, (contact time = 5 sec) (C) dot arrays (contact time= 3 sec). (D) multiple proteins in 
the same array. 

Fig. 4 illustrates (A) coating a cantilever followed by protein adsorption, and (B) 
preparing protein nanoarrays. 

Fig. 5 illustrates protein nanoarrays prepared via direct- write nanolithography. (A): 
Contact mode image (contact force 0.1 nN) of Lysozyme nanodot arrays. Each dot took 20 s to 
form. (B): Contact mode image (contact force 0.1 nN) of IgG nanodot arrays. Each dot took 30 
s to form. An IgG nanodot array before (C) and after (D) treatment with p£g and a solution 
anti-IgG coated Au nanoparticles: Images were taken at 0.5-Hz scan rate in tapping mode. Each 
dot took 5 s to form. 

Fig. 6 illustrates two component protein pattern after reaction with anti-IgG. (A): A 
height increase of 5.5 ± 0.9 nm (n =10) in the IgG features is observed by AFM. (B): No height 
increase is observed. The image was taken under the same conditions in Figure 1 (C) and (D). 

Fig. 7 illustrates (A) zoom-in image of an IgG nanodot array after treatment with an 
. aqueous solution of anti-IgG coated Au nanoparticles. (B) Three dimensional image of (A). 

Fig. 8 illustrates zoom-in image of two component protein pattern after reaction with 
anti-IgG. (A) Topography image and (B) phase image. 

DETAILED DESCRIPTION 

The following priority documents are hereby incorporated by reference in their entirety: 
provisional patent applications serial no. 60/382,596 filed May 21, 2002 to Mirkin et al., 
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"Electrostatically Driven Dip-Pen Nanolithography of Conducting Polymers"; provisional patent 
application serial no. 60/418,179 filed October 15, 2002 to Mirkin et al. "Peptide and Protein 
Nanoarrys and Direct- Write Nanolithographic Printing of Peptides and Proteins"; and 
provisional patent application serial no. 60/445,233 filed February 6, 2003 to Mirkin et al. 
"Peptide and Protein Nanoarrys and Direct-Write Nanolithographic Printing of Peptides and 
Proteins". 

In addition, features related to the invention have been described in the publication 
"Protein Nanostructures Formed via Direct-Write Dip Pen Nanolithography" by Lee et al., 
Am. Chem. Soc, 2003, 125, no. 19, 5588-5589, which is hereby incorporated by reference in its 
entirety including supporting information available via the internet free* of charge. 

In addition, patent documents 1-18 at the conclusion of the specification describe direct- 
write nanolithographic printing methods which can be used by one skilled in the art to practice 
the present invention and are hereby incorporated by reference in their entirety. In particular, the 
working examples of these documents are incorporated by reference to show how direct-write 
nanolithographic printing methods can be used to pattern substrates. Experimental parameters 
such as humidity, tip treatments, use of apertures in the tips, and substrates are disclosed. In 
particular, for example, in prior application 09/866,533, filed May 24, 2001, direct-write 
nanolithographic printing background and procedures are described in detail covering a wide 
variety of embodiments including, for example: 

- background (pages 1-3); 

- summary (pages 3-4); 

- brief description of drawings (pages 4-10); 

- use of scanning probe microscope tips (pages 10-12); 
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- substrates (pages 12-13); 

- patterning compounds (pages 13-17); 

- practicing methods including, for example, coating tips (pages 18-20); 

- instrumentation including nanoplotters (pages 20-24); 

- use of multiple layers and related printing and lithographic methods (pages 24-26); 

- resolution (pages 26-27); ^ 

- arrays and combinatorial arrays (pages 27-30); 

- software and calibration (pages 30-35; 68-70); 

- kits and other articles including tips coated with hydrophobic compounds (pages 35-37); 

- working examples (pages 38-67); 

- corresponding claims and abstract (pages 71-82); and 

- figures 1-28. 

All of the above text, including each of the various subsections enumerated above 
including the figures, is hereby incorporated by reference in its entirety and form part of the 
present disclosure, supporting the claims. 

Other publications can also be a guide to the practice of the invention including: 
(a) Wilson et ah, PNAS, Nov. 20, 2001, Vol. 98, no. 24, 13660; (b) Noy et al., NanoLetters, 
2002, Vol. 2, No. 2, 109, (c) Hyun et al., NanoLetters, 2002, Vol. 2, No. 1 1, 1203, (d) U.S. 
Patent No. 6,270,946 to Miller (Luna), (e) U.S. Patent Publication 2001-0044106 to Henderson 
et al. (November 22, 2001) and 2001-0051337 to Henderson et al. (December 13, 2001), and the 
priority provisional application, 60/1356,290. 

In addition, another source is Fundamentals of Microfabrication, The Science of 
Miniaturization, 2 nd Ed., Marc J. Madou, CRC Press. For example, deposition and arraying 
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methods of organic layers in BIOMEMS is discussed on pages 159-169, including protein 
patterning with lithography. Protein patterning is also described on pages 68-69, and proteins are 
generally discussed at pages 435-439, including primary, secondary, tertiary, and quaternary 
structures and synthesis by ribosomes. Immunosensors are discussed on pages 447-452, 
including antibodies, antigens, and enzymes. 

Additional technical publications relating to SPM probes and deposition of patterning 
compounds by direct write nanolithography and whichjire hereby incorporated by reference 
include: (1) "Meniscus Force Nano grafting: Nanoscopic Patterning of DNA," Schwartz, 
Langmuir, 2001, 17, 5971-5977; (2) "Molecular Transport from an Atomic Force Microscope 
Tip: A Comparative Study of Dip-Pen Nanolithography," Schwartz, Langmuir, 2002, 18, 4041- 
4046; and (3) WO 02/45215 A2 with international PCT publication date of June 6, 2002 to 
Mirkin, Schwartz, et al. "Nanolithography Methods and Products Therefor and Produced 
Thereby." The latter PCT publication, for example, discloses use of patterning solutions 
comprising nucleic acid and salt, including cationic surfactants and ammonium compounds such 
as, for example, tridodecylmethylamine. The solutions can be aqueous and can be used to coat 
the SPM tip. 

Direct-write lithographic printing, and the aforementioned procedures, instrumentation, 
and working examples, surprisingly can be further adapted also to generate novel protein and 
peptide nanoarrays as described further herein (see also references 18a-b below). An approach 
which can be generally used is illustrated in Figure 1, which illustrates (1) a nanoscopic tip, (2) 
adapting the tip with a chemical agent to improve the direct-writing of peptides and proteins, (3) 
coating the tip with a peptide or protein, and (4) depositing the peptide or protein to different 
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nanoarray substrate surfaces including, for example, modified silicon oxide surfaces adapted for 
protein and peptide deposition. 

Using this general approach, direct-write lithographic printing is particularly useful for 
the preparation of nanoarrays and biochips, arrays having nanoscopic samples, patterns, and/or 
features such as dots or lines on the submicrometer scale. Dimensions of about 100 nm or less 
are of particular interest. Preferably, a plurality of patterns such as, for example, dots or lines are 
formed on a substrate. The plurality of dots can be a lattice of dots including hexagonal or 
square lattices as known in the art. The plurality of lines can form a grid, including 
perpendicular and parallel arrangements of the lines. 

The dimensions of the individual patterns including dot diameters and the line widths can 
be, for example, about 1,000 nm or less, about 500 nm or less, about 300 nm or less, and more 
particularly about 100 nm or less. The range in dimension for dot diameter or line width can be, 
for example, about 1 nm to about 750 nm, about 10 nm to about 500 nm, and more particularly 
about 100 nm to about 350 nm. Particularly good results can be achieved within the range of 
about 50 nm to about 550 nm. Surprisingly, dots and lines can be formed which are one peptide 
molecule wide and high. The pattern can be, for example, a monolayer. The height of the 
pattern can be, for example, about 8 nm to about 10 nm. 

High resolution lithography and arrays are generally preferred. The number of patterns in 
the plurality of patterns is not particularly limited. It can be, for example, at least 10, at least 
100, at least 1,000, at least 10,000, at least 100,000, or at least 1,000,000. Square arrangements 
are possible such as, for example, a 10 X 10 array. High density arrays are generally preferred. 
Density can be, for example, at least about 100 features per square micron, or at least about 400 
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features per square micron, or at least about 1,000 features per square micron. In one 

embodiment, there are about 420 features per square micron. 

High speed patterning is also preferred. Rates can be measured for a single tip. For 

example, the methods described herein can comprise depositing dots of proteins onto a substrate 

at a rate of at least about 85 dots per four minutes. Better yet, rates of 50 dots per minute, and 

better than one dot per second can be achieved. Using a plurality of tips, these rates can be 

increased by a factor of the number of tips. For example, a array of 32 tips results in an increase 

**** ^ - 

of 32X the patterning speed. 

High resolution, high density patterning is preferred. The distance between the individual 
patterns on the nanoarray can vary and is not particularly limited. Distance can be characterized 
by a pattern separation distance or dot or line spacings, which are measured between the centers 
of individual patterns (e.g., the center of an individual dot or the center of an individual line). 
For example, nanoscopic patterns can be separated by distances of less than one micron or more 
than one micron. The distance can be, for example, about 300 to about 1,500 nm, or about 500 
nm to about 1,000 nm. It can be less than about 1,000 nm, less than about 500 nm, or less than 
about 350 nm. The distance can be averaged, and the average distance between nanoscopic 
deposits can be about 500 nm or less, about 350 nm or less, about 200 nm or less, and about 100 
nm or less. 

Distance between separated patterns also can be measured from the edge of the pattern 
such as the edge of a dot or the edge of a line. This separation distance can be, for example, less 
than about 1,000 nm, less than about 500 nm, less than about 350 nm, less than about 200 nm, 
and less than about 100 nm. 
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Protein binding to substrates is further described in references A3b and A4a below, which 
are hereby incorporated by reference in its entirety. 

In the peptide and protein nanoarrays of this invention, the nanoarrays can be prepared 
comprising various kinds of chemical structures comprising peptide bonds. These include 
peptides, proteins, oligopeptides, and polypeptides, be they simple or complex. The peptide unit 
can be in combination with non-peptide units. The protein or peptide can contain a single 
polypeptide chain or multiple polypeptide chains. Linear and cyclic peptide structures can be 
present. Higher molecular weight peptides are preferred in general although lower molecular 
weight peptides including oligopeptides can be used. The number of peptide bonds in the 
peptide can be, for example, at least three, ten or less, at least 100, about lflfo to about 300, or at 
least 500. 

The peptides and proteins can comprise the 20 amino acids commonly found in 
biological systems including alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid, 
glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, 
serine, threonine, tryptophan, tyrosine, and valine. 

Proteins are particularly preferred as peptide. The protein can be simple or conjugated. 
Examples of conjugated proteins include, but are not limited to, nucleoproteins, lipoproteins, 
phosphoproteins, metalloproteins and glycoproteins. 

Proteins can be functional when they coexist in a complex with other proteins, 
polypeptides or peptides. The protein can be a virus, which can be complexes of proteins and 
nucleic acids, be they of the DNA or RNA types. The protein can be a shell to larger structures 
such as spheres and rod structures. 
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Proteins can be globular or fibrous in conformation. The latter are generally tough 
materials that are typically insoluble in water. They can comprise a polypeptide chain or chains 
arranged in parallel as in, for example, a fiber. Examples include collagen and elastin. Globular 
proteins are polypeptides that are tightly folded into spherical or globular shapes and are mostly 
soluble in aqueous systems. Many enzymes, for instance, are globular proteins, as are 
antibodies, some hormones and transport proteins^like serum albumin and hemoglobin. 

Proteins can be used which have both fibrous and globular properties, like myosin and 
fibrinogen, which are tough, rod-like structures but are soluble. The proteins can possess more 
than one polypeptide chain, and can be oligomeric proteins, their individual components being 
called protomers. The oligomeric proteins usually contain an even number of polypeptide 
chains, not normally covalently linked to one another. Hemoglobin is an example of an 
oligomeric protein. 

Types of proteins that can be incorporated into a nanoarray of the present invention 
include, but are not limited to, enzymes, storage proteins, transport proteins, contractile proteins, 
protective proteins, toxins, hormones and structural proteins. 

Examples of enzymes include, but are not limited to ribonucleases, cytochrome c, 
lysozymes, proteases, kinases, polymerases, exonucleases and endonucleases. Enzymes and 
their binding mechanisms are disclosed, for example, in Enzyme Structure and Mechanism. 2 nd 
Ed., by Alan Fersht, 1977 including in Chapter 15 the following enzyme types: dehydrogenases, " 
proteases, ribonucleases, staphyloccal nucleases, lysozymes, carbonic anhydrases, and 
triosephosphate isomerase. 

Examples of storage proteins include, but are not limited to ovalbumin, casein, ferritin, 
gliadin, and zein. 
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Examples of transport proteins include, but are not limited to hemoglobin, hemocyanin, 
myoglobin, serum albumin, pi -lipoprotein, iron-binding globulin, ceruloplasmin. 

Examples of contractile proteins include, but are not limited to myosin, actin, dynein. 

Examples of protective proteins include, but are not limited to antibodies, complement 
proteins, fibrinogen and thrombin. 

Examples of toxins include, but are not liroited to, Clostridium botulinum toxin, diptheria 
toxin, snake venoms and ricin. 

Examples of hormones include, but are not limited to, insulin, adrenocorticotrophic 
hormone and insulin-like growth hormone, and growth hormone. 

Examples of structural proteins include, but are not limited to, virafcoat proteins, 
glycoproteins, membrane-structure proteins, cc-keratin, sclerotin, fibroin, collagen, elastin and 
mucoproteins. 

Natural or synthetic peptides and proteins can be used. Proteins can be used, for 
example, which are prepared by recombinant methods. Proteins can be used which are not 
modified for bonding to the substrate. Reference A6 describes how proteins can be modified for 
bonding to surfaces. 

Peptides and proteins related to the immune system can be used including antibodies. 
Histidine-metal binding systems can be used. 

Examples of preferred proteins include immunoglobulins, IgG (rabbit, human, mouse, 
and the like), Protein A/G, fibrinogen, fibronectin, lysozymes, streptavidin, avdin, ferritin, lectin 
(Con. A), and BSA. Rabbit IgG and rabbit anti-IgG, bound in sandwhich configuration to IgG 
are useful examples. S-layer type proteins can be used. 

Spliceosomes and ribozomes and the like can be used. 

* 
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A wide variety of proteins are known to those of skill in the art and can be used. See, for 
instance, Chapter 3, "Proteins and their Biological Functions: A Survey" at pages 55-66 of 
Biochemistry by A. L. Lehninger, 1970, which is incorporated herein by reference. Proteins 
are described in protein arrays including WO 00/04390 to Zyomyx, Inc. (Jan. 27, 2000). 
Polypeptides are described in polypeptide expression libraries including WO 96/3 1625 to 
Cytogen (Oct. 10, 1996). Random peptide libraries are described in, for example, U.S. Patent 
No. 5,747,334. The book noted above, Fundamentals of Microfabrication, The Science of 
Miniaturization, 2 nd Ed. 9 Marc J. Madou, CRC Press, also describes proteins of interest in the 
fields of micro- and nanoaiTays. 

The methods described in the incorporated by reference document (serial no. 
09/866,533), known in the art, can be used and need not be repeated in their entirety here. These 
include use of substrate surfaces and nanoscopic tips. 

For example, known substrates can be used to make nanoarrays. Smoother substrates are 
generally preferred which provide for high resolution printing. Substrates can be cleaned and 
used soon after cleaning to prevent contamination. 

For example, a substrate having a surface can be, for example, an insulator such as, for 
example, glass or a conductor such as, for example, metal, including gold. In addition, the 
substrate can be a metal, a semiconductor, a magnetic material, a polymer material, a polymer- 
coated substrate, or a superconductor material. The substrate can be previously treated with one 
or more adsorbates. Still further, examples of suitable substrates include but are not limited to, 
metals, ceramics, metal oxides, semiconductor materials, magnetic materials, polymers or 
polymer coated substrates, superconductor materials, polystyrene, and glass. Metals include, but 
are not limited to gold, silver, aluminum, copper, platinum and palladium. Other substrates onto 
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which compounds may be patterned include, but are not limited to silica, silicon oxide, GaAs, 
and InP. 

The nanoscopic tip can be, for example, a scanning probe microscopic (SPM) tip. It can 
be, for example, an atomic force microscope tip (AFM). The tip can be hollow. 

Deposition can be carried out under environmentally controlled conditions which control 
particles in the air, humidity, temperature, vibrational stability, and the like. Humidity control, 
for example, is described in reference A5 below. One skilled in the art can vary the humidity 
and temperature to determine the effect on the resolution and quality of the lithography. 

Nanoplotters can be used as described in, for example, reference 14a and 14b below, 
which are hereby incorporated by reference. 

The substrate surface can be adapted or modified to provide stable protein and peptide 
patterns. In general, stability can be found while retaining the biological function of the peptide 
or protein. For example, covalent bonding and chemisorption between the peptide or the protein 
and the substrate surface can be used to anchor the peptide or protein. In a typical embodiment, 
for example, the substrate surface is treated with a compound which exposes at least one 
functional group on the surface for bonding to the peptide or protein. Known protein coupling 
compounds can be used including for example compounds which expose electrophilic groups 
such as aldehyde, isothiocyanate, and the like. In some cases, peptide and protein coupling can 
occur through the amino groups of the peptide or protein. Also, the substrate surface can also be 
treated to impart a charge, such as a negative charge, which provides for electrostatic bonding 
with the protein. 

Aldehyde coupling of proteins is described in, for example, reference Al below (use of 
aldehyde-containing silane reagent). Reference A4b below also describes protein coupling. 
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Commercially known methods can be used to couple the peptide or protein to the surface. 
For example, the company Pierce-Endogen makes available a wide variety of mono- and 
Afunctional coupling or cross-linking agents for peptides and proteins, and describes protocols 
for using their products to attach peptides and proteins to various things including, for example, 
other proteins, small molecules, and appropriately modified surfaces. Examples include: amines 
to amines (Diisothiocyanides, eg. DITC); thiols to^amines (SMBP N-succinimidyl[4-p-' 
maleimidophenyl]butyrate]); carboxyls to amines (EDC, and various carbodiimides); 
aldehydes/ketones to amines (direct: no coupling agent needed); and the like. 

Additional information on peptide and protein attachment can be found in, for example, 
the text "Bioconjugation: Protein Coupling Technologies for Biomedical Sciences" by M. Asian 
and A.H. Dent, which is hereby incorporated by reference including provisions on peptide and 
protein attachment methods. 

Besides oxidized silicon, another embodiment is peptide or protein with sulfur residues 
such as cysteine residues binding directly to gold substrates. 

In another embodiment, engineered peptides and proteins can be used that have tethers or 
small molecules groups attached to them for surface coupling and 
conformational mobility. 

In another embodiment, polymeric (charged or non-ionic) or small molecule additives 
can be used in the peptide or protein deposition solution. These can, for example, (1) facilitate 
tip coating, (2) facilitate transport, (3) aid in retention of biological activity of the peptide or 
protein once it is on the surface. 

The nanoscopic tip can be treated with a chemical agent to improve nanolithographic 
performance in the deposition of peptide and protein patterns. Examples of improved 
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performance include improved reproducibility, improved deposition speed, improved scan speed, 
improved control over diffusion onto surface, improved resolution, improved durability, 
improved retention of bioactivity, and inhibition of strong peptide interactions. Multiple 
embodiments exist, and the treatment with chemical agent can result in different functions. For 
example, the tip modification can inhibit peptide and protein adsorption to the tip. In addition, 
the tip modification can reduce the activation energy for peptide and protein transport from the 
tip to the substrate. Different types of chemical agentsjpan be used depending on the function. 

For example, in one embodiment, the nanoscopic tip can be treated with hydrophilic 
compounds such as, for example, low molecular weight polyalkylene glycol compounds which 
improves the ability to direct-write peptides and proteins. For example, molecular weight can be 
about 2,000 or less, or about 1,000 or less. Reference AlOa below, for example, describes use of 
oligo(ethylene glycol) groups in monolayers to control unwanted adsorption. Reference Al 1 
below describes use of poly(ethylene glycol) silanes, having chain lengths of 4-8 PEG units for 
example. Monolayers of Si-PEG can be, for example, about 10 A to about 20 A thick. The tip 
can be made to be repellant to proteins such as bovine serum albumin (BSA). 

Tip modifications are also described in reference A5, which is hereby incorporated by 
reference. 

The following references also pertain to protein resistant binding in the context of tip 
modification: 

(1) Harder et al., J. Phys. Chem. B., 1998, 102, 426-436 (oligo(ethylene glycol)-terminated self- 
assembled monolayers); 

(2) U.S. Patent No. 6,103,479 (protein adsorptive alkanethiol and polyethylene-terminated 
alkanethiols which resist protein adsorption); 



D02.1017357 



20 



Attorney Docket No. 083847/0202 

(3) U.S. Patent No. 5,858,801 (antibody-resistant materials are bovine serum albumin, gelatin, 
lysozyme, octoxynol, polyoxyethylenesorbitan monolaurate, polyethylene oxide containing 
block copolymer surfactant); and 

(4) U.S. Patent No. 5,039,458 (crosslinked polyurethane and polyurea-urethane polymer gels 
resist nonspecific protein adsorption). 

In another embodiment, the chemical agent can be electrostatically charged, including 
positively or negatively charged. In addition, the chemical agent can be a self-assembled 
monolayer. For example, the tip can be metal coated and then treated with a chemical agent 
which forms a self assembled monolayer and provides a negative surface. For example, the tip 
can be gold coated and treated with alkylsulfur thiol and disulfide compounds to form the self 
assembled monolayer. 

For a selected peptide or protein, the tip treatment can be adjusted to provide the 
improved peptide or protein deposition. 

Applications of particular interest include antibodies arrayed to detect antigens from cell 
lysates, body fluids, or cell culture supernatants; tissue extracts or purified antigens arrayed to 
detect serum antibodies or to detect known proteins with detection antibodies; bait proteins 
immobilized to detect interacting proteins for pathway identification studies; on-chip activity 
profiling of immobilized enzymes; and large scale proteome arraying of entire expression 
libraries encoded with fusion proteins as immobilization tags. The nanoarrays are generally 
produced and used to avoid denaturing the protein. Other particular applications of interest 
include cytokines, secreted proteins, cell cycle proteins, antibodies, cytochrome P450, proteases, 
and kinases. 
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Labels and imaging means used to detect the proteins and reaction products include 
known methods including, for example, measurement of labels with use of fluorescence, 
luminescence, and radioactivity, as well as other physical properties methods such as changes in 
surface plasmons, refractive index or the measurement of mass or thickness. AFM methods can 
be used. 

Background on genomics, gene expression, and biomolecular arrays is provided in 
reference A2 below, as well as the Madou text noted above. 

The invention is further illustrated with use of the following non-limiting working 
examples. Also, the following references can be used in the practice of the present invention. 

WORKING EXAMPLES 

EXAMPLE 1 

. The approach used herein (Fig. 1) relied on modification of an AFM tip with 2- 
[methoxypoly(ethyleneoxy)propyl]trimethoxysilane (Si-PEG), which forms a biocompatible and 
hydrophilic surface layer, which inhibits protein adsorption and, therefore, reduces the activation 
energy required for protein transport from tip to surface. The molecular weight of Si-PEG is 
about 460-490 g/mol and the average number of ethylene glycol units is about 6-9 (obtained 
from HPLC measurements). In the absence of this tip coating, the protein inking solutions (e.g., 
500 micrograms/mL in PBS buffer at pH 7.3) may not in some cases wet the untreated silicon 
nitride cantilevers. Hence, untreated cantilevers can result in some cases in inconsistent, or low- 
density, protein patterns. 

In addition to cantilever modification, two additional strategies have been developed to 
facilitate ink transport and nanostructure formation (Fig. 1). Both involve silicon oxide surfaces, 
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one having a negatively charged surface through base treatment and the other an aldehyde- 
modified surface. Besides aldehyde, other organic functional groups can be used which are 
known to covalently bind to peptide moieties. 

The negatively charged silicon wafers were generated by immersing a substrate (Si(100): 
4 in. diameter; 3-4.9 ohm/cm resistivity; 500 nm oxide layer, Silicon Quest International Inc., 
Santa Clara, CA) in a solution of N^OHiH^rHjjO (1 : 1 :5) at 65°C for 1 hour followed by 
thorough washing with NANOpure water (NANOpure^Barnstead Corp.). Aldehyde modified 
surfaces were prepared by cleaning oxidized silicon wafers with piranha solution (30% 
H 2 02:H2S0 4 , 1:4; Caution: Piranha solutions are extremely dangerous and should be used with 
extreme caution) for one hour, and then treating them with 3-aldehydepropyltrimethoxysilane 
(0.5 % w/v in a 95:5 v/v solution of ethanol and water, adjusted to pH 5 with. acetic acid, Bio- 
Connext™, United Chemical Technologies) for 2 min. The slides were then rinsed with ethanol 
and cured under flowing nitrogen at 90-100°C for 15 minutes. With these surfaces, proteins can 
be successfully deposited on such surfaces by either electrostatic interactions between the 
positively parts of the protein and oppositely charged substrate surfaces or covalent bonding 
between amine groups on protein molecule and aldehyde-modified surface. Anti-rabbit IgG 
(developed in goat, Sigma) was used as a representative example. 

Direct-writing nanolithographic patterning imaging experiments were carried out with a 
ThermoMicroscopes CP atomic force microscope (AFM) and silicon nitride cantilevers (force 
constant = 0.05 N/m). Tapping mode images of sub-100 nm protein nanostructures were taken 
with a Nanoscope Ilia and MultiMode microscope from Digital Instruments. Fluorescence 
images were obtained with a Zeiss Axiovert 100 microscope with a Hg lamp excitation source 
and standard filter. In a typical transport experiment, a Si-PEG modified AFM tip was coated by 
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immersing the tip in a solution containing the desired protein (500 micrograms/mL in PBS buffer' 
at pH 7.3) for 1 min and then blowing the tip dry with nitrogen. The tip was then mounted in the 
AFM and brought into contact (1.5 nN) with the substrate surface. Patterning of the proteins was 
performed in an environmentally controlled glove box at relative humidity of about 55% to about 
70% at room temperature. For higher molecular weight molecules, a high relative humidity can 
be an important factor to the transport of molecules from the tip to the surface. 

Using these experimental conditions, nanostructures were generated composed of anti- 
rabbit IgG and rabbit IgG in direct write fashion (see Figures 2 and 3). The latter were imaged 
by fluorescence microscopy, as well as AFM, allowing confirmation of the chemical identity of 
the transported material. Figures 2A-C were generated from base treated substrates, whereas 
Figure 2D was generated from an aldehyde treated substrate. 

The height profile of an anti-rabbit IgG pattern comprising two parallel lines and three 
dots generated by direct-write nanolithographic printing shows that each IgG feature is about 8- 
10 nm high (Figure 2A), which is consistent with the transfer of a monolayer of the protein to the 
negatively charged surface. In Figure 2A, the line width is about 250 nm. Protein nanoarrays 
can be fabricated by repeating the procedure for forming a single dot feature (Figure 2B). For 
example, a nanoarray comprising 85 dots with 450 nm diameter spaced 350 nm apart was 
fabricated from anti-rabbit IgG. The nanoarray was fabricated in less than 4 minutes using a 
holding time of about three seconds for each dot. 

The protein features studied thus far have been as large as 550 nm and as small as 55 nm 
(Figure 2C). Sub- 100 nm protein features were successfully patterned using appropriate 
conditions (contact time = 0.5 sec, contact force = 0.5 nN). The approach is general, as 
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fluorophore-labeled anti-mouse, goat, and human IgG as well as unlabeled mouse, goat, and 
human IgG have been patterned with this electrostatic approach. 

Proteins can also be patterned on aldehyde derivatized surfaces (Figure 2D) on a 
nanoscopic scale. In this approach, a reaction between aldehyde groups on the surface with 
primary amines (lysines and alpha-amine at their NH 2 -termini) on the proteins, results in the 
formation of Schiff bases and the immobilization of the proteins. 

Since the anti-rabbit IgG used in these experiments is labeled with a fluorophore, the 
patterns were visualized by fluorescence microscopy (Figure 3). Protein nanostructures with 550 
nm line-widths (Figure 3 A) and dot nanoarrays (450 nm dots, 6 micron spacing) can be 
visualized by fluorescence microscopy (Figure 3B). A fluorescence image'of the array 
corresponding to the 3-D AFM image in Figure 2B is shown in Figure 3C. In order to 
demonstrate multiple protein ink capabilities, two different fluorophore-labeled proteins, anti-- 
rabbit IgG (Alexa Fluor 594) and anti-human IgG (Alexa Fluor 488), were deposited on 
aldehyde-derivatized surfaces by direct-write nanolithographic printing in a serial fashion 
(Figure 3D). Note that the line widths were determined by AFM rather than fluorescence 
microscopy due to the resolution limitations of the optical technique. Humidity can be an 
important variable in the deposition. The transport of the protein structures described herein 
were not, in general, highly humidity dependent over a range of about 55% to about 85% relative 
humidity at ambient. The most important factors controlling their transport may be set-point 
(large set-points lead to larger features and contact area). Note that many of the features 
generated herein do not exhibit the uniform edges associated with the transport of small ink 
molecules and DNA. 
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In sum, the studies showed that direct-write nanolithographic printing can be used to 
direct- write peptides and proteins on multiple, different classes of substrates. When combined 
with the multiple pen AFM arrays fabricated in these laboratories or others (e.g., Millipede 
cantilever array technology being developed by IBM), this approach provides rapid generation of 
nanoarrays and biochips of peptides and proteins with extraordinary complexity, almost at the 
physical feature size resolution limit (i.e., the sizepf the individual molecules). 

EXAMPLE 2 

An additional tip modification strategy coupled with direct-write nanolithography was 
provided for depositing proteins and peptide on a surface to form protein and peptide 
nanostructures. This methodology further offers patterning capabilities on the 45 nm to many 
micrometer length scale. The bio-recognition properties of nanofeatures composed of 
immunoglobulin-gamma (IgG) were confirmed by reacting the array with gold nanoparticles 
coated with anti-IgG. Furthermore, a two component nanoarray was fabricated in direct-write 
fashion by direct-write printing, and the bio-recognition properties of this structure were invested 
by atomic force microscopy (AFM) without biodiagnostic labels. 

In order to direct-write protein nanoarrays, commercially available AFM tips 
(ThermoMicroscopes sharpened Si 3 N 4 Microlever A, force constant = 0.05 N/m) were 
chemically modified. The modification procedure involved immersing the gold-coated 
cantilever in a 1 mM ethanolic solution of a symmetric 1 1-mercaptoundecyl-penta (ethylene 
glycol) disulfide (PEG). This resulted in the formation of a monolayer of PEG that prevents 
adsorption of protein (see reference A3b and A 10) on the reflective Au surface of the cantilever 
(back side). Tips treated in this manner were rinsed with ethanol, dried, and coated with gold (7 
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nm, with a 3 run Ti adhesion layer) on the tip side by thermal evaporation methods. The 
cantilevers with the gold-coated tips were immersed in 0.1 mM thiotic acid in ethanol for 1 hr, 
rinsed with ethanol, and then dried with N2 at room temperature. To prepare tips for printing 
experiments, they were immersed in solutions of the desired protein (500 fig/mL, lOmM 
phosphate-buffered saline (PBS), pH 7.1) for 1 h and then used immediately. The hydrophilic 
tips with the carboxylic acid terminated self assembled monolayers (SAMs) facilitate protein 
adsorption on the tip surface (see reference A4a and Al 1). Humidity can be an important 
variable, as noted above, and optimum patterning results were achieved for these experiments 
when the experiments were carried out in an environmentally controlled glove box at a relative 
humidity of about 80% to about 90% at room temperature. In some cases, humidity values 
below about 70% resulted in inconsistent transport properties. For a particular system, the 
humidity can be varied to see the effect on consistency. All patterning was done with a 
ThermoMicroscopes CP AFM interfaced with DPN Write (available from Nanolnk, Chicago, 
IL). Tapping mode images were taken with a Nanoscope Etta and MultiMode microscope from 
Digital Instruments. Au substrates, prepared via literature methods (see reference A 12), were 
chosen for two reasons. First, the interaction between the cysteine residues of proteins and the 
Au surface provides a strong driving force for protein adsorption (see reference 6 and 13). 
Second, they allow use PEG as a passivating layer in the areas not occupied by the proteins to 
resist non-specific adsorption of proteins from solution. 

As proof-of-concept experiments, lysozyme (Lyz) and rabbit immunoglobulin-gamma 
(IgG) nanodot arrays were constructed in direct-write fashion, Figure 5A and B. Feature size 
could be controlled over the 45 nm to many micrometer range by controlling the tip substrate 
contact time. In general, longer contact times led to larger features, but the rate of transport is 
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generally dependent, at times highly dependent, upon protein composition. For a given size and 
charge of protein, the contact time for producing a specific feature size, for a particular tip and 
substrate, can be measured and predicted (see, for example, McKendry et aL, NanoLetters, 2002, 
2, 713-716. The protein diffuses slowly having a large molecular weight. The areas surrounding 
the patterns were then passivated with PEG by adding a droplet of 1 mM PEG in Nanopure H2O 
(18. 1 M ohm) directly on the patterned area for 45 mm in a sealed vessel followed by copious 
rinsing with Nanopure H 2 0. Nanopure H 2 0 was used as a solvent for the PEG in order to 
minimize denaturation of protein structures in the patterned area. Organic solvents such as 
ethanol, which are used often with PEG, generally can have the potential to denature the protein 
structures and subsequently cause them to lose their bio-recognition properties. In the case of 
IgG, to test the bio-recognition properties of the nanoarray, it was incubated in a solution of gold 
nanoparticles (10 nm, diluted 1/10 in 10 mM PBS, obtained from Ted Pella) coated with ant- 
rabbit IgG for 3h. A comparison of the AFM height profiles of the array before and after 
treatment with this solution shows a height increase of 9.6 ± 0.9 nm (n =10) in the active area of 
the array with little nonspecific binding to the passivated, inactive areas, Figure 5C and D. 

One of the advantages of direct-write patterning over indirect methods is that one can 
fabricate complex multicomponent nanostructure assemblies with no cross-contamination. To 
demonstrate this concept, rabbit IgG nanoarrays were generated as described above, and then 
lysozyme features were patterned in-between the IgG features. Figure 4 and Figure 6. To 
confirm the bio-recognition properties of the IgG in the two component array, the array was 
incubated in a solution containing anti-rabbit IgG (10 fig/mL, lOmM PBS, pH 7.1) for 1 h. 
Significantly, a height increase (5.5 ± 0.9 nm (n —10)) due to anti-rabbit IgG binding can be 
observed only on the rabbit IgG features and not the area patterned with lysozyme, Figure 6. 
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This near doubling of feature height is attributed to a 1 : 1 reaction between the two protein 
structures (see references A3b and A7), and flirther demonstrates how probeless detection is 
possible with these nanoscale systems. Note that the density of the anti-IgG bound to the IgG 
features is non uniform; this has been attributed in other studies to the random orientation of the 
IgG epitopes and their partial denaturation after adsorption on the Au surface (see reference 
A13). 

This work is important for many reasons. For example, this is a convenient method, 
amendable to massive parallelization (see reference A14) for generating protein and peptide nano 
structures on a surface in direct-write fashion. These are some of the smallest protein structures 
generated by any lithographic technique. Second, the direct-write nature of the printing allows 
one to make and align multiple nanostructures made of different proteins and peptides on one 
surface, a prerequisite for generating functional multicomponent proteomic arrays for use in 
biochemical and molecular biology research, Third, these proteins and peptides are some of the 
largest structures ever transported by direct-write nanolithographic printing with nanoscopic tips 
demonstrating the versatility of the approach. The generally and relatively slow diffusion rates 
of these large structures (seconds to minutes per feature, Figure 5) and the need for chemically 
modified tips underscore the importance of developing chemistry and physical processes that 
facilitate macromolecule transport in a direct-write printing experiment. Another point is the 
usefulness of passivating the back of the cantilever against protein or peptide adhesion so the 
laser signal would not be diminished. 

Figures 7 and 8 provide further high resolution images of single and multiple protein 
nanodot arrays prepared by the methods described in Example 2. 
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